The retinoblastoma (RB) tumor suppressor protein, pRB, plays an important role in the regulation of mammalian cell cycle. Furthermore, several lines of evidence suggest that pRB also involves in the regulation of apoptosis. In the present study, the degradation of pRB was observed in apoptotic gastric tumor cells treated with a new potent anti-tumor component, tripchlorolide (TC). The inhibition of pRB degradation by a general cysteine protease inhibitor IDAM resulted in the reduction of the apoptotic cells. Furthermore, the survival of the gastric tumor cells under the TC treatment was enhanced by an over-expression of exogenous pRB. These results suggest that the pRB degradation of the gastric tumor cells under the TC treatment involves in the apoptotic progression. In addition, the same extent of TCinduced pRB-degradation was detected in the gastric tumor cells containing a p53 dominant-negative construct, indicating that this kind of pRB degradation is p53-independent.
INTRODUCTION
The retinoblastoma (RB) tumor suppressor gene was first cloned in 1986 [1] . As a suppressor of G 1 /S progression, the RB gene product, pRB, plays a pivotal role in regulating cell cycle of the normal mammalian cells [2] . Moreover, pRB protein acts as a critical effector with DNA damage checkpoint function in response of cell stresses and DNA damage. pRB is hypophosphorylated following genotoxic stress, which finally elicits G1-phase cell cycle arrest due to the suppression of the E2F family of transcription factors [3] [4] [5] [6] .
In addition to the regulation of the cell growth, pRB may also involve in the regulation of apoptosis. It was observed the proteolytical degradation of pRB in the apoptotic cells induced by a number of stimuli such as TGF-b, UV irradiation, ionizing irradiation and p53 over-expression, whereas the exogenous overexpression of pRB could reduce the apoptotic progression [7] [8] [9] [10] . Moreover, mouse embryos lacking functional pRB showed the higher levels of apoptosis in many kinds of tissues [11] . Recently, Chau et al showed that the degradation of pRB was associated with the increased level of apoptosis directly in the RB-MI knockin mice [12] . Taken together, these data suggest that the degradation of pRB promotes the progression of apoptosis.
There are two elucidated mechanisms for the degradation of pRB: one is proteolysis via proteasomal pathway, and the other is caspase-dependent cleavage. It was identified several proteins having the capability to bind to pRB and stimulating its degradation via proteasome-dependent proteolysis, such as human papillomavirus (HPV) oncoprotein E7 [13] [14] [15] [16] , human cytomegalovirus pp71 protein [17] , hepatocellular carcinoma-associated protein gankyrin [18, 19] , human T-cell leukemia virus type-I (HTLV-I) oncoprotein Tax [20] and MdM2 [21] . As to the caspasemediated pathway, several caspase-cleavage sites of pRB have been mapped. For example, Fattman CL revealed that the pRB underwent cleavage by caspase after Asp residues those located between amino acids 341 and 421. Any cleavage of these sites would generate a C-terminal fragment p48 and a N-terminal containing fragment p68 [22] . It has been elucidated that pRB is cleaved by caspase-3 at the DXXD recognition motif at extreme C-terminal, which can be blocked by z-DEVD-FMK [23, 24] . This is consistent with the result from the RB-MI knockin mice generated by introducing a caspase-resistant RB [12] .
Tripchlorolide (TC) is a diterpenoid component isolated from extracts of Chinese herb Tripterygium wilfordii Hook f [25] . Several reports showed that TC inhibited the proliferation of peripheral blood mononuclear cells [26] , mesangial cells [27] and spermatocytes [28] . It was also reported that TC could induce apoptosis of cells in both p53-dependent and p53-independent manner [29, 30] . Moreover, our group showed that TC caused DNA damage in CHO cells and induced the degradation of c-Myc protein [31] . The present study demonstrated that the degradation of pRB involved in the progression of apoptosis of human gastric tumor cells under the TC treatment. Further analysis showed that the degradation of pRB was p53-independent and may be mediated by cysteine protease rather than the proteasome or the caspases.
MATERIALS AND METHODS

Cell culture and materials
AGS, a human gastric tumor cell line (ATCC), was maintained in Dulbecco's Modified Eagle's Medium (DMEM, Gibco BRL) supplemented with 10% fetal bovine serum (FBS, Gibco BRL) at 37°C in 5% CO 2 . Ac-DEVD-CHO (cell permeable), Ac-IETD-CHO (cell permeable), and Ac-LEHD-CMK were purchased from Calbiochem (Calbiochem); MG132 and iodoacetamide (IDAM) were purchased from Sigma (Sigma); z-VAD-FMK was purchased from Promega (Promega).
DNA fragmentation assay
AGS cells were harvested at indicated time and resuspended in cell lysis buffer (10 mM Tris-HCl, pH 8.0, 25 mM EDTA, 0.25% Triton X-100). After 30 min incubation on ice, the lysates were centrifuged at 13,500×g at 4°C for 15 min. The supernatant were collected and incubated with 100 µg/ml RNase A at 37°C for 30 min, and then with 200 µg/ml protease K at 56°C overnight. The DNA fragments were extracted with phenol and subjected to 1.5% agarose gel.
Flow cytometric analyses
For the DNA content analysis, the cells were collected and fixed with 70% ethanol, treated with RNase A and stained with propidium iodide (PI, Sigma). The DNA contents were measured with a flow cytometer (FACScan). For M30-apoptotic analysis, the cells were subjected to the CytoDEATH M30 assay according to the manufacture's instruction (Roche Molecular Biochemicals). Briefly, the cells were fixed in ice-cold methanol at -20°C for 30 min, washed with washing buffer (PBS containing 0.1% Tween 20) , and incubated with 100 µl M30 CytoDEATH fluorescein antibody working solution (PBS, 1% BSA, 0.1% Tween 20 and 0.4% CytoDEATH fluorescein antibody) at 25°C for 1 h. After the washing, the cells were subjected to flow cytometric analysis.
Isolation of cytosolic and mitochondrial fractions
The cells were treated with a digitonin-buffer (20 mM Hepes-KOH, pH 7.3, 110 mM KAc, 5 mM NaAc, 2 mM MgAc 2 , 1 mM EGTA and 200 µg/ml digitonin) on ice for 10 min to permeabilize the cell membrane. The cell lysate was then centrifugated at 10,000×g at 4 °C for 15 min. The supernatant was collected as a cytosolic fraction, and the pellet was as a mitochondria-containing fraction.
Western blot analysis
AGS cells were lysed with 1×SDS-loading buffer (50 mM TrisCl, pH 6.8, 100 mM DTT, 2% SDS, 10% glycerol and 0.1% bromophenol blue) as the whole-cell sample. In the case of digitoninpermeabilized cells, the cytosolic fraction was mixed with equal volume of 2×SDS-loading buffer, and the mitochondria-fraction was suspended with 1×SDS-loading buffer. The protein samples were subjected to SDS-PAGE gel electrophoresis. Immunoblottings were carried out with primary antibodies (anti-Bax, anti-Cytochrome c, anti-β-actin, Santa Cruz; anti-Bcl-2, Sigma; anti-COX 4, Molecular Probes; anti-p53, Cell Signaling; anti-RB, BD transduction Lab), respectively. The proteins were detected by enhanced chemiluminescence (ECL-plus, Amersham Pharmacia Biotech).
Comet assay
The Comet assay was carried out as described [31] . Briefly, the cells were suspended in 0.5% low melting point agarose at a concentration of 1×10 4 cells/ ml and applied to the surface of a microscope slide. The slides were immersed in a lysis buffer (2.5 M NaCl, 100 mM Na 2 EDTA, 10 mM Tris, pH 10.0, 1% N-lauroyl-sarcosine, and 1% Triton X-100) for 1 h, and then in 0.3 M NaOH, 1 mM Na 2 EDTA for 20 min, both at 4°C. After slides were put to horizontal gel electrophoresis, they were washed and stained with 1 mg/ml ethidium bromide. The cells were analyzed with fluorescence microscope. The cells were analyzed with fluorescence microscope and the proportion of the cells containing damaged DNA strand breaks as the cometcells was scored. DNA-damage-induced Comet cells were also analyzed with free download Visual Cometassay Software as described [32] . Each cell was assigned a value of 0 (without tail) to 4 (almost all DNA as tail), and the total score of 100 cells represented the DNA damage level, which would be located in the area between 0 and 400 "arbitrary units".
Plasmid construction and generation of stable cell lines
The plasmid p44-2L RB containing full length of human RB was a kind gift from Dr. Xue Liang Zhu. After the conserved caspase cleavage site DEADGSKHL was mutated to DEAAESKHL [12] with QuikChange Site-Directed Muatagenesis Kit (Stratagene), the caspase3-resistant RB insert was cloned into SalI/BamHI sites of pEGFP-C1 (Clontech) to generate the plasmid pEGFP-HIRB. AGS cells were transfected with pEGFP-HIRB by Lipofectamine TM 2000 system (Gibco BRL) and the stable cell line HI-Rb was selected in the presence of 500 µg/ml G418 (Roche Molecular Biochemicals).
For the stable cell line AER, AGS cells was transfected with pEGFP-cgTP53, an EGFP fused p53 dominant-negative construct [30] , by Lipofectamine TM 2000 system. AER was further selected in the presence of 500 µg/ml G418.
RESULTS
TC induced DNA damage and apoptosis in AGS cells
To address the effect of TC on tumor cells, we treated the exponential growing gastric tumor cells, AGS, with 20 ng/ml TC for 24 h. An apoptotic population was identified from the TC-treated AGS cells as measured by DNA fragmentation or M30 assay ( Fig. 1A and 1B) . The results from M30 assay further revealed that the TC induction of apoptosis was in both time-( Fig. 2A ) and dose-( data not shown) dependent manners.
In order to understand the molecular mechanism in the TC induced apoptosis of AGS cells, we monitored the changes of mitochondrial pathway in TC treated AGS cells. All TC-treated cells were collected and fractionationed as the cytosolic fraction and the mitochondria-containing fraction by digitonin-permeabilization assay (see Materials and methods). Western-blotting analysis showed that cytochrome c was released from mitochondria into the cytosol in the TC treated cells, while it remained in the mitochondria of the cells without TC treatment (Fig. 1C , compare lanes 2 to 5). Furthermore, Bax was significantly translocated from the cytosol to mitochondria in the TC treated cells, whereas most Bax proteins of the untreated cells remained in the cytosol (Fig. 1C , compare lanes 5, 6 to 2 and 3). COX4 (cytochrome c oxidase IV), a mitochondrial membrane locating protein, served as an internal control in order to show no cross contamination between mitochondrial and cytosolic fractions (Fig. 1C) . Taken together, these results indicated that TC induced the apoptosis of AGS cells through the mitochondrial-regulated apoptotic pathway.
Comet assay was performed to detect whether DNA damage was caused in TC-treated AGS cells. The cells treated with TC for 8 h and 16 h, respectively, were collected and subjected to Comet assay, of which no significant apoptotic cells were detected by M30 assay (Fig.  2A) . Significant Comet cells were observed in the treated cells (Fig. 3A) . The percentage of DNA strand breaks was increased significantly from 20.83% at 8 h to 53.33% at 16 h (Fig. 3B ). In addition, the quantitatively measurement showed that the Comet-tail length was doubled in the cells treated with TC for 16 h than those treated with TC for 8 h (see Materials and methods). These data consisted with the previous report that TC caused DNA damage in CHO cells [31] .
pRB was degradated during TC-induced apoptosis
Since pRB is an effector in response to DNA damage, we analyzed the status of pRB of AGS cells in the presence of TC. After the cells were treated with TC for indicated times, respectively, the cell lysates were subjected to SDS-PAGE gel [33] . The Western-blotting analysis showed that the total amount of pRB decreased significantly in the population treated with TC for 24 h, and (Fig. 2B) . Moreover, the dynamics of the degradation of pRB was evaluated by comparing Fig. 2A with Fig. 2B . The results indicated that pRB diminished along with the apoptotic progress of AGS cells induced by TC, both in a time dependent manner. In other words, the more degradation of pRB was identified, the more apoptotic cells were detected.
Cysteine protease mediated the TC-induced degradation of pRB It has been well reported that two molecular mechanisms involving in the degradation of pRB. The first is that pRB might be degraded through proteasomal pathway, in which pRB was targeted to 26S proteasome and underwent proteolytic degradation [15, 34, 35] . Therefore, we examined whether the presence of proteasome inhibitor MG132 was capable to prevent the degradation of pRB induced by TC-treatment. Western-blotting analysis showed that the pRB degradation of TC-treated AGS cells in the presence of 0.5 µM MG132 was to the same extent as the samples without MG132 treatment (Fig. 4A) , whereas the ubiquitin-proteasome dependent degradation of c-Myc, which was used as a positive control, was completely prevented under MG132 treatment (data not shown). These data indicate that the degradation of pRB is independent of proteasomal pathway in the TC-treated AGS cells.
Another reported possible pathway for the degradation of pRB is caspase-3/7-dependent [22] [23] [24] . To detect this possibility, the TC-treated AGS cells were administrated with a caspase3/7 specific inhibitor, Ac-DEVD-CHO, at the concentration of 50 µM [24] . The result showed little effect on the prevention of the pRB degradation of TCtreated AGS cells (Fig. 4A) , whereas 50 µM Ac-DEVD-CHO sufficiently inhibited the cleavage of PARP (data not shown). To further confirm this observation, an AGS-derivative cell line HI-Rb containing the mutated conservative caspase-3 cleavage site of pRB was constructed (see Materials and methods). Comet assay showed that HI-Rb cells had the similar amounts of DNA strand breaks comparing to AGS cells when cells were treated with TC for 16 h (Fig. 5D) , while the Western-blot data presented that the amount of EGFP-fused caspase3-resistant pRB in HIRb cells treated with TC was also reduced (Fig. 5A) . Taken together, the results suggest that the caspase3-like activity does not play the key role in the process of the pRB degradation in the TC-treated AGS cells.
In order to explore the degradation mechanism of pRB, other proteinase inhibitors were further used in this study. Though a little prevention effect on the pRB degradation was detected in the presence of caspase 9 inhibitor Ac- A LEHD-CMK, the caspase 8 inhibitor Ac-IETD-CHO did not prevent the degradtion of pRB in the TC-treated cells (Fig. 4A) . We further co-administrated the pan-caspase inhibitor z-VAD-FMK and the general cysteine protease inhibitor IDAM [36] [37] [38] to the TC-treated AGS cells, respectively. As shown in Fig. 4A , the degradation of pRB in the TC-treated AGS cells was fully inhibited by IDAM, whereas the amount of pRB was restored partially by z-VAD-FMK. Since the administration of IDAM or z-VAD-FMK did not significantly inhibit TC induced DNA damage detected by comet assay (Fig. 5D) , these results indicate that the unknown caspase(s) may play the major role in the process of the pRB degradation during the apoptosis of TC-treated AGS cells.
Prevention of the pRB degradation or overexpression of pRB reduced the TC-induced apoptosis of AGS cells
To address the question whether the degradation of pRB promotes the apoptotic progression, the amount of apoptotic TC-treated AGS cells in the presence of different protease inhibitors, respectively, were measured by counting the condensed nuclei as the representative of apoptotic cells under the fluorescent microscope. The results showed that the apoptotic cells were significantly reduced to the background level in the presence of the inhibitor IDAM (Fig. 4B) , which prevented the degradation of pRB (Fig. 4A) , whereas the amount of apoptotic cells in the presence of MG132, Ac-DEVD-CHO, Ac-IETD-CHO or Ac-LEHD-CMK, which did not inhibit the degradation of pRB (Fig. 4A) , were to the same extent of only TC-treated apoptotic cells (Fig. 4B) . The quantitative analysis showed that the level of pRB protein in the 36h-TC-treated cells was 57.89% in the presence of VAD, but 12.12% in the presence of DEVD, and 26.91% in the presence of LEHD, respectively. Since the apoptotic cells were also significantly reduced by z-VAD-FMK but not reduced by Ac-DEVD-CHO or Ac-IETD-CHO (Fig. 4B) , it might exist a threshold that small amount of pRB could not protect cells against apoptosis. Taken together, these results suggest that the degradation of pRB is required in the apoptotic progression of TC-treated AGS cells.
To eliminate the possibility that the inhibition of the TCinduced apoptosis by IDAM might also be due to the general inhibitory ability of IDAM, we treated both AGS and HI-Rb cells, in which exogenous RB was over-expressed (see Materials and methods), with TC for 48 h. The condensed nuclei as the representative of apoptotic cells were counted under the fluorescent microscope, while the protein level of pRB was detected by Western blot using anti-RB antibody. The results showed that the apoptotic population of the RB-over-expressed cells was lower than that of the wild AGS cells in the presence of TC (Fig. 5B) , when the certain amount of exogenous RB protein remained in the TC-treated cells (Fig. 5A and 5C ). On the other hand, the existence of exogenous RB protein did not influent the level of DNA damage in the TC-treated cells (Fig.  5D ). Taken together, these results support the conclusion Fig. 4 The pRB degradation involves in cysteine protease rather than proteosome. (A) Effects of protease inhibitors on TC-induced pRB degradation. The cells were treated with 20 ng/ml TC for indicated times, respectively. Protease inhibitors were co-administrated as indicated. The cells only treated with TC were used as control, which was indicated as "none". The final concentration of the inhibitors was: MG132, 0.5 µM; Ac-DEVD-CHO, 50 µM; Ac-IETD-CHO, 40 µM; Ac-LEHD-CMK, 20 µM; z-VAD-FMK, 75 µM; IDAM, 50 µM. The cell lysates were separated by 8% SDS-PAGE and subjected to Western-blotting analysis. Actin was used as sampleloading control. (B) Effects of protease inhibitors on TC-induced apoptosis. AGS cells were co-treated with 20 ng/ml TC and the indicated inhibitor for 24 h. The condensed apoptotic nuclei stained with DAPI were determined under the fluorescent microscope. Data shown are representative of three independent experiments (mean ± SD). 
TC-induced pRB degradation of AGS cells was p53 independent
pRB regulation is tightly related to p53, for example, p53 suppresses transcription of RB gene [39] . Furthermore, it was reported that p53 facilitated pRB cleavage in interleukin-3-deprived lymphoid cells, which resulted in the apoptotic progression [40] . In AGS cells, p53 was functional and accumulated rapidly under the treatment of TC (Fig. 6A and 6D ). To address whether the activated p53 involved in the degradation of pRB in the TC treated AGS cells, an AGS-derivative cell line, AER, containing the p53 dominant-negative was constructed (see Materials and methods) [30] . When the cells were administrated with 20 ng/ml TC for the indicated times, there was the pRB reduction of the TC-treated AER cells in a time-dependent manner (Fig. 6B) . In addition, the TC-induced pRB degradation was also detected in another gastric cancer cell line, MKN28 (data not shown), in which p53 gene was reported to be invalid [41] . Taken together, these results suggested that the TC-induced pRB degradation of gastric cancer cells is p53-independent.
Since our previous data reported that TC could induce apoptosis of HeLa S3 cells in a p53 dependent manner [30] , we analyzed the apoptosis of AER cells containing the p53 dominant-negative under the TC-treatment. The results showed the significant reduction of the apoptotic population observed in the TC treated AER cells (Fig. 6C) , indicating that p53 still plays other important role in the progression of TC-induced apoptosis of AGS cells although the degradation of pRB is p53-independent.
DISSCUSSION
It is well known that the dephosphorylation of pRB in G 1 phase of the cell cycle is a key event for the transition of G 1 /S phase. Our study showed that pRB of AGS cells was dephosphorylated after 8 hours' TC treatment, which was prior to the detectable degradation of pRB (data not shown). This observation was similar to the finding of Dou's lab [42] . They documented that pRB underwent degradation after dephosphorylated under the tamoxifen treated human breast carcinoma cells. These results suggest that the population of the dephosphorylated pRB is the main target for the degradation, which may play a role for preventing the progression of G 1 phase into S phase under the apoptotic stimuli. Ubiquitin-proteasomal and caspase3-like pathways are two elucidated mechanisms involved with the disruption of pRB so far [15-17, 20, 22, 23] . In the present study, by using protease inhibitors, we revealed that the degradation of pRB is proteasome independent, and there's other unknown cysteine protease but not caspase3-like and caspase 8/9 protease cleaved the protein RB. Since the pan caspase inhibitor z-VAD-FMK can partially inhibit the TC induced degradation of pRB, while the general cysteine protease inhibitor IDAM can totally inhibit the TC induced degradation of pRB, we conclude that two different mechanisms involve in the pRB degradation progression: one involves in the activity of caspase(s), and the other involve the activity of unknown cysteine protease.
The signal pathways controlled by the two prominent tumor suppressors RB and p53 are interconnected in several levels [39, [43] [44] [45] [46] . Although it was reported that p53 suppressed transcription of RB gene [39] , our study demonstrated the activated p53 did not suppress RB expression in AGS cells under the TC treatment (data not shown).
Oren's group found that the p53-facilitated pRB cleavage was due to the activity of p53-dependent caspases [40] . Since our work showed that TC-induced pRB was cleaved by an unknown cysteine protease rather than caspase3-like protease and this pRB degradation was p53-independent, it should be concluded that the activity of this kind of cysteine protease is independent the presence of functional p53 within the cells. DNA-damaging agents are used frequently in cancer therapy. Our previous works showed that TC could induce apoptosis by degrading c-Myc protein [31] or via p53-dependent apoptotic pathway [30] in different cell lines. In the present study, we revealed the p53-independent degradation of pRB might be one of the causations of TCinduced apoptosis of AGS cells, which suggests a novel mechanism of action that TC exhibits its antineoplastic activity.
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